Abstract. For the past ten years RAA(pT ), the nuclear modification factor that encodes the suppression of high pT particles due to energy loss within the medium was fairly well described by many theoretical models. However, the same models systematically underpredicted the high pT elliptic flow, v2, which is experimentally measured as the correlation between soft and hard hadrons. All previous calculations neglected the effect of event-by-event fluctuations of an expanding viscous hydrodynamical background as well as the soft-hard flow harmonic correlations in the experimentally measured v2. In this talk I show how event-by-event viscous hydrodynamics (computed using the v-USPhydro code) coupled to an energy loss model (BBMG) is able to simultaneously describe soft physics observables as well as the high-pT RAA and v2. Suggestions for future more differential calculations at the LHC run2 are made to explore soft-hard flow correlations.
Introduction
Two key signatures of the Quark Gluon Plasma-collective flow and jet quenching-have been thoroughly measured experimentally over the years at the Relativistic Heavy Ion Collider RHIC at BNL and the Large Hadron Collider LHC at CERN. Initially, it was thought that the soft physics regime (low transverse momentum p T where collective flow is measured) and the hard physics regime (high p T where jet physics is relevant) could be tackled separately. The early measurements of high p T elliptic flow [1] demonstrated flow was possible even within the hard sector though theoretical calculations [2, 3, 4] taking into account only energy loss physics and simplified assumptions for the medium evolution were not able to reproduce the large measured v 2 and, in fact, the difficulties in simultaneously describing R AA ⊗ v 2 remained for years to come (see the discussion and references in [5, 6] ).
Meanwhile, comparisons of relativistic hydrodynamical models to collective flow measurements had a breakthrough circa 2010 [7] with the inclusion of event-by-event calculations [8, 9, 10, 11, 12] to make comparisons to nonzero triangular flow measurements [7] . Eventby-event fluctuating initial conditions imply that within the same centrality class (i.e. holding the density constant) there is a wide range of initial shapes (eccentricities ε n ) that relativistic hydrodynamics map into the final flow harmonics [13, 14] . In Fig. 1 the distribution of ε 2 are shown for MCGlauber and MCKLN [15] (smoothing out initial energy density fluctuations to λ = 0.3 fm and λ = 1 fm-see [16] for more details). Regardless of the initial conditions, a wide range of initial elliptical shapes are produced (and more complex shapes such as "triangles", "squares" etc are also produced), which experimentally are proven via v n distributions [17] .
Event-by-event viscous hydrodynamical models have been enormously successful at describing soft physics observables such as the cumulants of flow harmonics (as shown in Fig. 2 ) as well as even making predictions for the highest LHC energies [18] . While there has been some progress made in combining the knowledge of hydrodynamical backgrounds [19, 20] and fluctuating initial conditions [21] with energy loss models, it was not until [22] that full event-by-event viscous hydrodynamical backgrounds (v-USPhydro [23, 24] ) were combined with an energy loss model (BBMG [5, 25, 26] ). The effects of event-by-event fluctuations as well as the correlation between soft and hard flow harmonics in [22] provided the key step needed in order to solve the longstanding R AA ⊗ v 2 puzzle.
Event-by-event viscous hydrodynamics+energy loss
In [22] there were two crucial differences between all previous calculations of v 2 (p T > 10GeV ): (p T ) to simulate the two particle (one soft, one hard) correlations used to measure elliptical flow experimentally.
The soft v sof t 2 was taken using the best fitting parameters in the soft sector, see [22] for more details. The v hard 2 (the 2nd Fourier coefficient of R AA (p T , φ)) is computed using the BBMG code [5, 25, 26] in the pQCD-like scenario. In order to make comparisons to experimental data then the soft and hard flow harmonics are correlated via
where . . . denote event averages and ψ sof t n and ψ hard n (p T ) are the soft event plane angle and hard event plane angle, respectively, as was discussed in [27] . Note that if one assumes a smoothed, averaged hydrodynamical background then there is only one "event" and Eq. (1) 
. The enhancement of v 2 due to the soft-hard v n correlation in Eq. (1) becomes clear if one considers linear response (a good approximation as long as one is not considering peripheral collisions [28] ). In the soft sector we can assume v
Since ε 2 < ε 2 2 one can see that event-by-event fluctuations will always increase the flow harmonics (soft v 2 is also proportional to the root mean squared not the mean [29] ). Note that the use of Eq. (1) is not the only source of enhancement for v 2 , rather it is the combination of full event-by-event hydrodynamically expanding backgrounds with the correct calculation of Eq. (1) that leads to allows for a simultaneous description and solution of the R AA ⊗ v 2 puzzle. [22] to experimental data at LHC from ALICE [30, 32] , CMS [31, 33] , and ATLAS [34] .
Results
In Fig. 3 the result of the v-USPhydro+BBMG calculations are shown for R AA and v 2 compared to ALICE [30, 32] , CMS [31, 33] , and ATLAS [34] data at the LHC. It is clear that the inclusion of event-by-event fluctuations with soft-hard v 2 correlation was a needed ingredient in order to bring up the elliptical flow to the experimental data. In fact, one can see in Fig. 3 that while R AA is relatively insensitive to the effect of initial conditions and event-byevent fluctuations, v 2 has a clear splitting between MCGlauber and MCKLN initial conditions [22] to experimental data at LHC from ALICE [32] .
exactly as in the soft sector (see that in Fig. 2 the v 2 from MCKLN is always larger than from MCGlauber due to the larger eccentricities of MCKLN).
In fact, the similarities in the soft sector also hold true for v 3 at high p T as seen in Fig. 4 . MCKLN produces smaller ε 3 than MCGlauber, which correlates to a smaller v 3 both in the soft sector Fig. 2 and in the hard sector Fig. 4 . Furthermore, the simple existence of a non-zero v 3 at high p T demonstrates that event-by-event fluctuations are needed. Finally, an interesting avenue to explore for the future is the decorrelation between the soft and hard the event-planes for triangular flow (and above) [35] .
Conclusions and Outlook
In this talk, it was shown that that event-by-event fluctuations combined with the proper calculation of v exp 2 at high p T provided a natural solution to the R AA ⊗ v 2 puzzle. Eventby-event fluctuations have been clearly measured already at both RHIC and LHC and they have been shown to be necessary to describe v 3 [7] , v n distributions [17] , event shape engineering [36] , SC(n, m) correlations [37, 38] , and higher order v n {m} cumulants [39, 40, 41] . Thus, a proper comparison to high p T v 2 experimental data necessarily requires the inclusion of event-by-event hydrodynamic fluctuations as well as the calculation of the soft-hard correlation in Eq. (1).
Once one accepts that event-by-event fluctuations also play a key role in the hard sector, it opens up an entire new field of possible calculations. In [22] it was suggested that event-shape engineering could be preformed also in the hard sector. Fig. 5 illustrates the underlying concept. For the same centrality class, e.g. density, one has a wide range of eccentricities ε n 's. It is already known that the shape of the event determines the path length seen by the jet, which is why centrality class selection is so important. However, using centrality class alone as an estimate for the path length is inherently flawed because within a single centrality class there are multiple possible path lengths depending on the eccentricities of the event. Thus, one possibility is to select on events with the same soft p T flow harmonic in order to hold the path length constant within the centrality class. Additionally, comparisons can be made while holding the density fixed and changing only the path length by selecting on a variety of soft p T flow harmonics to study the effect of energy loss for a very specific path length. Qualitatively, one can see from The success of v-USPhydro+BBMG in fitting v 2 (p T > 10GeV ) makes one think whether the hard flow harmonics are also just as sensitive to the usual hydrodynamic parameters such as the initial time τ 0 , the switching temperature T sw , the transport coefficients etc. While the heavy flavor shows a strong dependence on the heavy quark drag coefficient [44] , it also shows a very strong dependence on a temperature dependent shear viscosity to entropy density ratio η/s(T ) [45] . It is natural to wonder how a temperature dependent η/s(T ) would affect high p T flow given its connection with the jet transport coefficientq [46] . Furthermore, using jet physics one can even extract a minimum at T c [6] analogous to what is found in the hadronic phase [47, 48] . Since there is still a wide variation in η/s(T ) calculations [49] any additional constraint on the values of transport coefficients is sorely needed.
The most obvious step towards the future of combining soft and hard physics is to include hard scattering effects within relativistic hydrodynamics in order to study the intermediate p T range of flow harmonics that are not possible with only relativistic hydrodynamics or energy loss models on their own. Initial work has been done in this direction [20, 50, 51] with the hope that this will be explored in more depth in the near future.
